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oBSTRACT

This report describes the techniques end initiel
results of investiretions on fine perticle permanent
magnet naterisls,

The greater pars of the investigetions reported
herein were on iron powders produced by thermel reduc-
tion of commercial rouge. For these powders, studies
were made to determine the influence of veristions in
the conditions of reductinsn for loose powders and of
veriations in tne pressine end sintering conditions for
compacted powders. The dete reported incliude metellic
iron conteat, density, end megnstic properties, as re-
lated to the conditions of preperetion,

Preliminery investigetionz ere rlso reported on
powders produced from ferrous formetes end froem mixed
fornates, including investigetions on the cheracteristics
of powders reduced from formetes produce in verious
shepes en? sizes. In gensral, the formete powders appear
to be more esasily reduced and to yield better megnetic
properties than the oxide powders.

The best properties obteined to dete have been by
reduction of s ferrous formete powder containing 0.066%
megnesiun which yields & B xHpaxy of epproximstely 0.7 x

106. Indicetions are thet by cereful veriations of the

production techniques, this velue mey be eppreciebly

improved.
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INTRODUCTION

Purpose 8nd Scope:

The objectivs of this project is to study the produc-
tion snd propercties of fine perticle permenent megnet
materials.

This report coveors in eddition to the results of the
pest yesr's vork, which it must be emphesized shculd be
considered in the nsturc of e progress roport rether then
e terminel rcport, methods end techniques the development
of which hes cxtended for over two yeers. Much of this
work wes undorteken, or et l:est initietcd prior to the
grenting of the contrect, but it 13 decmod necessery and
sppropriate to report on it here in order thet the toch-
niques used in the work be fully known,

In view of the extondod coverege of the report, it is
dividod into thrce soctions:

I - Generel Stetomcnt of Jiims
II - Zquipmont end Tachniquos
III - Experimcentel Results to Dete

Porsonnel :

Tho porsonncel of thc projoct heve included, in sddition
to the principel investigetor, Mr, .inanthenersysrnen, Dr.
J. F. Libsch, (Projoct Dircctor); Dr. ... C. Zottlomoyer
(.dvisor on chomicel mattors); Dr. G. P. Ccnerd II
{ ssistent Diroctor of Megnctics Projocts); Mr. 4., V.

Freloll (Investigetork and Mr, 3dwerd Stewert (Investigstor).

"\......—\



L - GINIR.L ST..TEMINT OF ..I}MS

The first concern of this project hes boen with studies
of the verious means of producing fins ferromegnetic pow-
ders and the cffoct of.vsrietions in the production pro-
cesses on the magnatié éropcrties of those powders in both
tha loose end the conpéctcd form,

among tho veriebles to bae controlled in conncction
with the perticle production erc size, shepe, oricntetion,
composition end surfecc condition of the powder. The first
four fectors erc of importencc for both loosc end compec-
ted powders, whil: the fifth verieble might provec of pri-
nery importenco in its influenco on tho properties of thé :
compectz2d powdacrs. )

In eddition to the veriebles within the powder produc-
tion itself, whon a sstisfectory powder is obtained, it is
necessary to investigetc mcens of compeéting end bonding
this powder to providc setisfectory solid megnets.

To dats, the investigetions heve boon concernod pri-
merily with the production of iron powdcr by thros mcthods:
(1) rcduction of tho oxide; (2) roduction of the formete;
end (3) chemicel precipitetion; and with thc cherecteris-
tics of presscd end sintcrcd compects of powders obteincd
by methods (1) and (2) esg roletcd to the production end

pressing end sintering conditions,



II - EQUIPITNT .UD TICHNIQUIS

(..) Preperetion of Ultre-Fine Ferromegncile Powdors

Introduction:

Socverel mithods show promisc for the production of
ultre-fine iroa end other forromrgn:tic powders (1-6).
Theso includos

l. Low tecmperetur: roduction of com-
pounds with e roducing ges (1, 2).

‘2. Dircct pracipitetion of th: mctels
from en aquoous Solution of thcir selts
(3).

3. Elactrolysis of sslt solutions in the
rcsencs of grein growth inhibitors
by 5 )

Le Low tcmpcreture decomposition of the

cerhonyls or oth:r methods of dcposi-
tion of tho mutels fron thoir vepor (6).

CT thcsc methods, the first wes chosen for the routine
production of iron powders. Ths rew metorisls usad wcre
cither Jewclers' rouge {commerciel gredo of Fop03 - epproxi-
matoly 98% Fa03, belence primerily SiOz, perticle size
approximetcly 1 -,end finor) or ferrous formetas and mixcad
formete peowiders producod es doscribaed bolows
Lot I:

Plastiron (ennecelcd cloctrolytic iron of -100 mesh)
powder wes dissolved in hot dilute formic ecid. TForrous
fornate wes prucipitetod by chilling the solution to room
temnereture. The fermete cerystels producod wero washed in

alcohol, dricd end stored in a vecuun for futurc usc, Tho

crystels obteincd by this mcens wero hokegonel pletclicts
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(50 to 100.¢ in size).

Lot II:

Tha coserse crystels of Lot I were redissolved in
diluto fornic #cid rnd recrystellized by thc eddition of
rn equal volume of 95% othyl elcchol (7). By ellowing
the precipitation to teke plece in & tell vessel, fine
elongrtod crystels of en oaverage sizo of 15, x 5. x 54
elong with ster-like clustors ebout 10.in diameter wero
obtrincd.

Lot II - Ground:

A brtch cof Lot II wes ground by & single pess through
& three roll ~aill used for disporsion of paint or ink pig-
ror.ts., The rolls were 4" die. x 8" wide pnd werc set et
¢ force cf % pounds per lineer inch botween rolls. This
grinding brok: up thc ster-like clusters end some of the
nccdles end resulted in perticles of opproximetely 10
micron siza,

Lot II - 3ell-I"{llcd:

Lnothar brteh of Lot IT wrs bell-millced in ¢n inort

ctmocphzre until tho crystels werd crushod to 1 micron or

finar.

Lots .s, 3 rnd C:

Thrceo betches of fermets were noxt properod by recry-
strllizing Lct I formeto to which verying rnounts of neg-
ncsiun formpta hred proviously been c~ddcd, the technicus
for procipitetion being tha sene ps for Lot II. Tho co-

procipitrted mixturss of ferrous £nd negnosium formetos
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woro enelyzod for their megnesium contents. The betches
worce dosignetod Lots /i, B end C in the descending order
of their megnesium contaont:
Lot .: 2.5% g in the fornmete
Lot B: 0.29% Mg in tho formete
Lot C: 0.066% ¥Mg in the formeto
The sizes of the crystals in =11 of thesc betches

wcre comperebla to those of Lot II.

Roduction of Powdcers:

Thce powders woroe rzducced with hydrogen. J.4s the ro-
ducod powdors erc pyrophoric, it wes first nocessery to
devisc techniques end construct cguipment so thet reduc-
tion of the powdcrs and subscquaent hendling could be
roedily performod without bringing the loosc powders into
contect with thc #ir,

The equipmont used is illustreted schemeticelly in
Figurc 1. Tocn grens of the compound to bes roduced, con-
trined in o strinless stcel boet (h), worc pleced in the
hcetzd combustion chenbor (J) through which e rogulated
strcen of purificd hydrogen et cpproximetcly 1.5 cu. ft./
hr./gm. of powdor was pssscd. Tho roduction wes carriod

-~ vedo
vuuL

L R SN
PR Y- Y

Y

or ¢ 0 to 900 minutes end et tem-
psreturcs of from 500-1100°F. Hclium wes thon introducod
into the combustion tubc, the whole systom flushed with
helium, end the bort conteining tho powdor was pleccd
undcer the Kjsldell joint (k). ..cotonc wes thon dripped

into thc boet until the roduced powder wes woll covered,
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Tho helium flow wes stopped end thc slurry of powdor end

reccoteone trensfarrced to o suitedlc conteinor.

B - Perticlec 3izc Studics

«ttompts worec thon medo to study thc perticle sizo
(end shepc) of th:o powdors produccd by the following
ncthods:
(1) Rlactron microscopo studics *
(2) X-rey linc brordening **
(3) Nitrogon edsorption®***
For thc first tcchniqueo, clcectron micrographs wore
medc from spccimons obteincd by dispoersine tho powdcrs
in dilutc solutions of perlodion in fray. elcohol. Thc
perlodion powd:or nmixturo wes well rubved out on e gless
plete to tho consistcncy of e thick pesto, @& drop of which
wes next cest into e film on tho surfeco of brinc cone
teincd in e lergo pen., The film wes lifted off in ¢ freme,
rafloeted on wetor to romove 1l trecoss of brinc, #nd smell
portions woroc sclcctcd end mounted on tho gpcoeimon holdor
of on RC.. dlcctron nalcroscopc having e rosolution of 100
..ngstrom Units or bottor. Tho spacinuns wore oxeminod et
megnificstions verying from 1250-45,000 X.
It beeemc cleer thet with this tochniquo, dispcrsion

¥ Thc cloctron microscopc studics worc medo Bt CTRC New
Jersey 2inc Co., Prlmorton, Pe.,, with thc kind essistanco
of tho nmonmbors of thoir steff,

** Tho X-rey work wes donoc by Prof. H. V. .ndcrson,
Chcemistry Dopertmcant, Lchigh University.

*** Thc nitrogon pdsorption nmoesurcononts worc medo by

Mr. 4. V. Freioli enéd Miss Yung-Feng Yu, Chomistry Dopert-
acnt, Lchigh Univorsity.

o e

L}
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cf tho perticlas wes not setisfectory. The powders

tondad to group together in rings of negnetic closurc
(Fig. 2). Of scvcrel varietions tricd to ovcrconc this
dcficicney, onc did show some pronisa. .. magactic fiold
wes epplicd by weving e U-shepad Jilnico megnct undur the
gless pleto holding the rubbod-out spocimon just prior to
cesting tho film., In somd erces of tha ficld, good dis- -
peorsion wes obsorvced (Fig. 3), whilc in othors the perti-
clos baceme eligned in strihgs, indiceting tho possibility
of megnoticelly elipgning tho powders (¥ig. 4). This oxperi-
mcnt, though crudc in neturo, suggosts ¢ possiblo mcthod

£ edoqurtaly diz

pde

1g tho perticlces to obtein clcetron

o grsin
microgrrphé suiteble for perticle sizec end distribution
dctornminetions. Rocontly, other invoestigetors (8) heveo
found thet by erpplying rn eltorneting megnctic ficld to
the suspénsion whiloc it is being roteted, cven tho lerger
eagrcgetcs cen bz broken up. If the negnoaticelly egiteted
suspcnsion of propur consistoncy is quickly cest into
filns thc dispcorszd perticles do not hevo tinc to roeggre-
geto into ringlcts by mutuel ettrection bacsusc tho vis-
cous roesistence of tho medium Would hindcr thoir.rcedy
motion towerds onc enothor.

Th: sccond tcchniquo ecturlly ncesurcs grein or cry-
stellitz sizo, but for thesc fins perticlos, it is prosuncd
thet 2ech perticlc is e singlo crystel.

Th> pyrophoric neturo of the powdors cellod for spociel

tochniquis in the properetion of the X-rey spocimzns. Tho
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slurry of the powdcer #nd ecctonc wes leld on savaorel leyors
of filteor prper to ebsorb most of thce ecotonc., The pow-
dor, slightly noist with ecotono, wes romovad to enother
filter pepor whoro it was gently nixed with e treco of non-
diffrecting greeso. Setisfecteory spocimens could be medo
from such e nixturc without eny oxidetlon during thc oxpori-
nent.  Only thoe strongsst lino, viz. tho (110) linc, wes
reccorded on e G.:. XRD 3 X-rey rccording spoctrom:tor unit
with cobelt redietion. Thc senc linc wes plso rocordod
uader conditions ylclding sherpcst rosolution by using e
gpmplc of enn:elad iron-powdcr heving coersc perticlaes.

In this rcspoct, the toechniquoe uscd diffors from tho conven-
tionel mothod of nixtures described by Verren (9). Tho engu-
ler widths of th: rocordcd lincs ware mcnsufcd et points

of helf-meximum intcensity end th: thickness of the perticles

in the (110) dircction wes celculetod from tho fornmule -

D z | "_-____9..89 N
(110) Y82 - v . cose
whoro -
D = perticlc thickncss elong £ dircction
(110) normsl to ths (110) plencs.
X = wavclongth of X-redietion usocd.
B = enguler width of (110) linc in
rediens for tho powdoer samplo.
b = enguler width of tho sherp (110) lino,
end e = Bregg 2nglo of diffrection.
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These celculrtions essunc no strrin in thc powdnrs,
It is €1t thet this essunption mry bo justifiod in vicw

of thc n-thcd of obtrining the powdcers end propering the

In th: third vcchniquo, the nesn perticlc size wes
deternined frez the surfecc eproe nopsuromnnts obteined
*y nitrcgen monolerycr rdsorpticn end tho prosoncce or eb-
s:ncce cf descerrtion hystircsis wes uscd r£s en indicetion

of thz presonece or ehsanco, raspoctively, of perces.

C - .'rpn.tic Tasting of Powdors (end Comprcts)

The nrgritic properti:.s cf loos:s eggroprtios of the
pcwdars rnd of the compects obtrincd by pressine thom et
pressures verying frea 20-100 tons per squrrc inch werc
m.esur .4, using ¢ Seaford-32anctt Perncenoter (10).*

Tho speecinensg uscd for acesurcnents on looso powders
consist:d of noist powdor gontly rean.d into # 1-3/4 inch
lcag, 6 n..a. outsid. dienct:r, 1 n.a. well thicknnss
pyrcx gless tuhc ridl hecld in pleco by stoppers et thoe onds

D - Ircssing »nd Sint:riang of Powdors

The pressing ¢f the tost bers wes dons in 7 singlc

52
(@)
ct
[W
o]
[« R
(WS
O
o]
o
)
u‘

rldwin-Scuthwork tcsting mechine et pros-

* lerlicr moesurcnents wara medo by our invostigrtors et
3211 ‘’cl:sphonc Leboretorics, Murrey Kill, N, J., with tho
kind essistenc: of thoir pcersonncl, whilc the letor
siorsurcaants were medo et the Frenklin Iastitutce, Phile-
d.lphie, with th: fecilitios provided by Dr, ... D. Frrnklin,
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sures of fram 20-100 tons per squere inch.

The sintering of the pressed compects wes 3ccomplished
in thoe equipment shown in Figure 1. The specimen to be
sintered wes first pleced in the furnece tube. The tube
wes evecustad with e stenderd Canco Hyvec vecuun puxp
(boosted for scme runs by € nercury diffusion pump). The
ctmospherc to be used for sintering (hydrcgen or holiun)
wes tlien admittcd and the furnecoe heestad to the required
tcaperaturc., Sintering exporinents wore parfornnad et

tomperaturcs of 450 to 170090F for times of 2 to 16 hours,

E - Anelysis of Conmpects

The conpects were enelyzed for netrllic iron by hydro-

gen evoluticn ~nd fcr totel iron by potessiun pernengenate

titreticn,

F - Density Yeasurements

The avorars dirmensions of the spceimens wore mecsurod
with ¢ micronector correct to 1/100 nillinoter. The speci-

ners were naxt evecueted end wairhoed pnd tho cveregoe don-

sitles viery celculatod.
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IIT - ZXT .RDIZNT..L RESULTS OBTLINID TC D/TE

.. = Powders Produced by Roeduction of Rouge
Scverel betches of powdors were produced from rouge
£s duscribed in 3ection II, with reduction in the tempere-
ture ren~e 600°-900°F end tines of 100, 200 and 900 nin-
utces,

Siza end Sheps of Powdor Perticles

Blectren ilicroscopy:s

s mentionasd oerlier, the leck of dispersion in most
of the nicrogrephs end the rcletively low megnificetion
in tho single rmicrogresph of Figurs 3, heving edequete
dispersion, did4 not permit eny perticle size mersursnants.
From preclirinery rosults, howover, thrae significent obser-
vetions mAay be ncenticnoed:

e. Firstly, thet the perticles could ho setis-

fectorily dispcrsed end size counts could
probebly be nede by using the method of
negnctic disnersion.

b. Secondly, thet t-e nerticles could eplsc %o

eligncd in e megrnetic finld, +th:n they ers
suspuindcd in e medliun,

c. Lestly, thet tho perticlos erc not fer fron

sphericel in shepe and rs such do not heve
eny epprocieble shrpo enisotropy.

This lest rasult is oquelly importent from tha procti-
crl stendpoint of rieking nermencnt meenots fromi these pow=-
dors beceusc, in this connection, lergs shepe ecnisotropy
of tho powdar perticlcs is highly dosireble in order to

ettein large cocrcive forco veluds,

Tha prasant axperincnts rppoer to indicetc thet the

e Wy
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thermal reduction preocess of powder preperetion does not
procduce powdors of high shepe enisotropy and is therefore
incopodble of prcducing powders with the high coercive
forces thet have been predicted by Neel (1il), and by
Stoner end Wohlforth (12),

X-Rey Diftrection end N- Adsorption:

Perticle sizes of powdors prepared at tempcrotures
renging fron 650-900°F as detormined by the X-rey diffrec-
tion end nitrogen edsorpticn methods ere givern in Figuro
5. It will b2 noticecd thet the velues obteined hy the two
methods ere of the sene order of rnegnitude. In eddition,
the pore volume results cre riven in Figure 6. Tho relative
inscnsitiviiy of surfece erea end perticle size meesurements
to incrcesed rcduction temporature, whon considered with
further ovvidence to be pmiven in subscquent sections, is be-
licvod to indicete thet tne reduction ¢f the rouge has been
incompleto in 21l ceses, ovon at 900°F,

The lcck of any epprocisble hystoresis in the adsorp-
tion-desorption cycle eppeers to indicete thet if appre-
cierblo porosity is prosent in the individusl perticles it
must b3 on a scele snaller thean the sizc of the Np molocule
and thoroefore would bo of the neture of tho etonic scele
porosity predictcd by ecrlior investigetors (2). Tho gred-
uel doorease of pore voluno with increesing rcduction ten-
poreturc is inteorprctcd es an indicetion of sirntering tak-

ing plece during the rcduction,

-

.
% g v mns Sy



\.’—-«—- —
|

‘ ‘

!

|

{

!

e e e VR i b ——— —— Sr————— 8

13

ltegnetic Properties of "Loose" Fowders end of Powaer Conpacts

The negnetio proporties of loose aggregetes of tho
powders and of tho conpacts obteined by pressing them at
pressures verying from 20-100 tons per squere-inch wcre
meesured, using a high H pormecemater of the Senrord-Bon-‘
nott typo.

Loosc Powders:

The cosrcive forcos of powders propered at verious
temporeturss for 100, 200 end 900 minutes of rcduction end
o hydrogon flow of epproximetely 1.5 cu. ft./hr./gm. of
oxide ere shown grephicelly in Figure 7.

Sone gonerel foeturos mey bc observed from these
curves:

(e) All the curves erc epproximetoly pere-
bolic in shepe, thus exhibiting e nexi-
nun coorcive force for en intermcdiste
tompcreturc of reduction.

(b) Tho coorcive force velues for the 200
minutes of roduction time ere uniformly
highaor then thosce for 1CO minutos of
roduction time, while the 900-minuto
curvo is displecod so thet it crosses
both tho shortor time curves.

(c) Tho neximun coercive forco occurs et
lowar tonpersatures for longsr roduction
timOS .

(d) The meximum cooroive forces esctuelly ob-
teincd orc ressonably high, 520 oorst-=ds
for 100 minutas roduction time, 640 oer-
steds for 200 minutes' rcduction tinme,
snd 580 ocrstads for 900 minutos' roduc-
tion time. From the trends of tho curvos
it apporrs thet a coorcive force os high
es 650 oorsteods mey to obtainedble with
tho 900-minute rcduction.

Tho percbolic o turo of thoe curves mey be roedily

TN o —
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understood by considoring the well-known effects of cry-
stel 8125 on coorcivo faorce theorotically derived by
Neol (11, 13) end experimontelly verified by Berteut
(14) on the cnc: hend, end the effaect of oxygen content
of the powders recently report2d by Lihl (15) on ths
cther. At the low tenpercturos of roduction, oxtremoly
fine perticlo sizo rnd the oxcessive oxygen content of
the powders tcgother work egrinst the developmant of @
high co«rcive force. At the higher tempereturcs of reduc-
tion, the growth of the netel porticles into poly-donsins
would tend to offsot the bonoficiel offects of tho decrecesed
oxygen content in theso powders. The belence boetwecen tho
effaects of perticle size #nd of oxygon content would thus
tond tc give a mexinmum point on the coorcivo forceo vs.
tompereture of rcduction curve. The shift of thoe point
of nexinun cocrcive force to thc lowor tempersturcs for
the hirher times of reduction is elso undorstendebls on
the seme besis. For the highor tinmes of reduction, tho
belence betwcen the particle sizo end 02 content offects
must cvidently obtein et e lowor temperetura of reduction.
Thus, the increesed time enpoers to bo moro offective in
the recduction of tho oxido then it is in tho sintoring
of these powdors. According to Lihl (15), in formete
rcducaod iron powders, tho mexinun coorcive forco is ob-
teined whan the powdor conteins about 65% motellic iron,
the ectuel veluo of this mexinmunm becing the grertor tho
lowor the temporsaturo of rcduction. Tho motellic iron

deta eveilnsblo for tho powders which yielded hish coor-

wlh
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clvoe forca velucs ere shown in Teble I. It would cppeer
thet some definite corrcletion hetweer motalliic iron con-
tont end the ccercive force oxists in the rougs-reduced
powdors es well., The mexinum coercive forco occurs st
approximetecly 55-60% metellic iron, & vflue sonewhct be-
low thet reported by Lihl for tho formate roduced powders,
The point 2t which tho naximum He is obtrinod night per-
heps also be used es on index of compering the reducibi-
lity of differcnt grades of oxide, from which the Fe pow-
der mey be preprrcd,

Powder Compects:

Figurcs 8 end 9 show thc verietion of coercivs force
end of Bg ond By, respectively, of the compects s a func-
tion of compecting pressurc. As thc coercive force de-
creeses grrdueclly with increesinrs prossurc, the Bg end Br
valucs show e corresponding increcese. It mey be notzd that
thie Bg end By velucs erc gencrelly fer lower (3s~ 5000,

Bp -.2000) then those cxpected for pura iron.

The rete of decrcrsc of cocrcive ferea with incrersing
pressure secms to be dep:ndent on the initiel powdor cherec-
teristics. For cxenplae, the conpfcts from ths powders
roduced ot 600°F for 200 minutos, which ¢vidently conteinod
more rasidurl oxygen, show # morc gredurl decronse of coer-
cive forcc with pressure then the powders prepercd et highor
tempereturcs. Nonz cf tho powdors, however, show e moarkod
docrcesc in cocrcive forco,

In Figurc 10, the donsitics of compects preperod froo

TON vn w—
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powders reducod et 750°F for 100 minutes end powders re-
ducod et 800°F for 200 minutes ere plotted es a function
of compecting prassure., Thc densities obteinsd are low,
gven £t the hishest conpacting prossure used, viz.; 100
t.s.i. This mry be due to e high oxygen content in the
powdors.

The high cocrcive forces,.the low saturation and low
romenence valucs, £s well es the low densities of the com-
pects, ere indicetive of incompletsness of reduction.

According to Neael (11), the coorcive force of compects

should follow the lew -

He }, l - 2
do
wherec -
He = coercive forco
d = dcnsity of conmpect
do = density of iron in bulk.

1 -4 velues for thoiebbye compects vs, the corrssponding
compggting pressures ére shown in Figuroc 1ll.

- “ihen the cocrcive force is plotted egeinst 1 - 4 (Fig.
12), it is found thet ell of the points for compacts %rom
two differont hetches of powdeor fell epproximetely on the
same streight line., When this curvs is oxtrepolated to
1 ~4d =1 (infinitc dilution of thc pores=dstwesn parti-
clcs?? e coorcive force velue of 780 ocerstceds is obtained.,
Thishvelue is only about helf ths theorcticel velue of
1400 celculetcd by Ncol (11) end elsc shown in the figure

It is to be noted, however, thet no correction hes beon.
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mdode for the oxygen content of the powders end the 'd' vel-
ucs °oro ut best only rverego density velues. It should be
further noted thet the dete for compects fron powdor ra-
ducod Pt 7009F for 900 rminutes of reduction time lio on

a strright linzs of grceter slopy oxtrapoleting to & veluo
of 860 ocrsteds rt 1 -4 =1, ¢ veluo closarto Necol's
theooroticel vrluo., Thisotrand is in the right dirsction
es the lettur powders conteinad more motellic iron then

cither of the other two.

Studies on Sintering

Powders preperecd et 700°F for 200 minutcs of rcoduc-
tion tino (H2 flow 1.5 cu.ft./hr.gm.) worc precssed into
bers cpproximetoly 1z x 1/8" x 1/8" end sintored et veri-
ous tcaocreturas for 2, 4 end 16 hours. The verietion of
He, Bs end Br, a&s woll es tho deansity, metellic iron end
totcl iron of so.ac of the comprets thus obtaincd wes detoer-
mincd end the results ero essombled in Tebles II, III and
IV. The negactic dete epre elso shown grephicelly in Figurec
13.

Tho co:rcive force results eppcer to indicetc that
for th2 tinmns investigeted, tho formetion of domein boun-
deries tevcs plecoe in ell cesces ovor ¢ rengo from epproxi-
metoly 1,000 to 1600°F., 4t higher tcempereturces, furthoer
sintoring £1d densificetion is ohsorved es the rosult of
contracticn of the poroes between sintered perticles,

It is elso notcd thrt furthor rcduction of tho resi-

duel oxide tekes plaecc during the sintoring es indiceted

-
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'by the increes: in metellic end totel iron contents. In viow
of this obsorvetion, prarincnts erc boing undorteken on sin-
toring undor non-r:ducing conditions,

If, rs ¢ firct eoproxizmtion (B x H)pex is essﬁmad to beo
(1/3 Bp * My the maximun onorgy pfoductlgbtpiﬁad for theso

sintcrcd coprets is rpproxiaetcly 0.5 x 106

obtrincd from
ncwders rcduced for 900 minutaos.

3-Dowders Troduccd bv Reduction of Formrtos

Tho invostigetion undorteken to deto on tho fornrta ro-
duccd powdors hevo baon of rn cxplorstoryunrture 6nly end the
déta ‘re in mény resp;cﬁs incomplats. If sgould, therefore,
bec borns in mind thet rmorc comrleoto drte ney in sone dPscs sub-
Iscqucntlyieltcr somc of the trends indicetod in th;s szction
end thet in sonc erses tho dete rro so skc;éhf_és toﬁproéludc
thc possibility of drewing souﬁd—coaclusions-;héfbfrdb;: This
_ﬁﬁrkfis‘boing continuzd, end it is‘glehnoq to;fill iﬂ the dete
in ihosc eroes wh'ch show prémisc of yioldingloiﬁhcr vplgeble
infornption,or,ncgnctic q?tériﬁls_ﬁith dasirﬁb}g propbrtios.

. Tha fornmetes worc rocducod in ¢ streem of purificd d;§—

hydrogén Tor ¢ pcriod of 30 or 60 ninutos rt ﬁcmpcretura

!

- x R = B 3 5 R
renging fron 55COF to 1100°F. The hydrogen flow wes kopt e%

cr

1.5 cu. ft./hr./gn of tho selt in ell crscs. The techniouos
rnd preceutions uscd for proventing the powdtors from oxidizing
wore idcenticel with thosc doscribad in Pert iI.

Megnctic Properties of .Formate-Reduced
Ilron Powders and Powder Compacts.

Loosc Towders end Powdor Compects fron Lot I end Lot II:
Tho coorcive forec veluoss of loos:c rggregetos of the iron

powdcors obtein:d from Lot I formete for 30 minutcs end €0
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ninutes of H, roduction et verious tcnpereturc erc shown in
he curves of Flgurc 14.

Th> pererbolic neturc of ell of ﬁhc curves is similer to
thet obteincd with th:s rouge-reduced powdcrs troeted in IT1I-A
of this rceport. Thc F, mex. for Lot I pbwdcrs efter 30 ninutes
roduction tinc eppears to occur et ¢ highor tompocreture of re-
duc;ion then for th. senc typc of powsedcr eftor 60 minutos ro-
duction time. This is in egrconznt with the dete ronortod by
Lihl (15,, proviously nonticnecd in S:ction III-A. His work
indicetes thet tho Hc‘mrg. poiﬁts on both of thosc curves
probebly corrsspond to the srmc degroc of reduction end the
powder proper:d £t the lower tempoereturc would be axpzctced
to show thc higher cocrcivo forca.

It should 2lso be notcd thét th: H, mex. points thcnseclves
occur rt very nuch lower tompereturcs then for rougéo-rcduced
.powdcrs. Thus, ths formetcs eroc horc cesily rcduccd then the
oxids.

The cocercive forecc vs. tonpereturc of reduction curvo of
thc iron powders fron the fincr formrctc of Lot II shows tho
Hc a0x. point et o vory much lowor tompcreturc then thet ob-
tein:d fron thc coarscr formet:. of Lot I, Tho Hc nrx, veluo
enpsers to bc corrcspondingly nuch high ri The curve for Lot
II is felso soon to inturscet both of the curves for lot I.

Figurc 152 shows thc cocrcive forcc of conpects presscd
st 60 t.s.i. from iron powdors prcpered et verious tonpoer-
pturcs from Lot I end Lot II formetos for th: sene hydrogen
fiow end for thc senc roduction tit2 of 60 minutes end Figure

15b shows tho corresponding Bg end Br velues.,
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Thae reto of docrcesc of cocrcive force '1ith tompore-
turc of roduction for Lot I eppcers to be lcss then thet
for Lot II though, es only two points werc obteined for
Lot I, thc coorcive forco for this powdoer mey not follow
the epproximete lincar trond obscrvod for Lot II. The Bg

velues appoer to increasc with incroesing temperetur:s cof

ct

reduction, et e retc elmost proportionel to the ret: of
dacraesc of cocrcivs forco, but ths difforznecs in retes

of increcnsc of Bg betwecn tho two powders erc less then
tho differcnces for Hy. The Bp veluss et first incrcesc
slowly, but softorwerds, et lcest for the Lot II powdor,
pppcer to ettrin e stoady veluo. Thesc dete mey be intor-
prcted es e refloction of the highaor rcducibility of the
fincr formeteos. Lestly, the 3Bg increoescs more repidly then

Br with incrcesing tcmpereturc of reduction.

Comperison Betwecen Lot II, Lot II-Ground end
Lot 1I-Bell-FMillcods

Figurc 16 shows the ccorcive forco vs. reduction tenm-
pcreture for iron powdors from formetces of Lot IX, Lot II-
Ground end Lot II-Brll-ilillcd, whilc Figurcs 17e and 17b
show thc He, and Bs end By velucs for conpects pressad et
60 t.s.i,

It ney bc scen from Figuro 16 thet only tho right-hend
sidc of thc pereboleoc eppeer to bc bc obteincd. Tho He
nax. points probebly fell cithcr et 500°F (the lowest ton-
pereturs invostigeted) or lowor. There is not rwch differ-

cnco between Lot ITI end Lot II-Ground, but thoe nuch finor

——
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bell-nillcd Lot II shows lowor veluzs of H, throughout tho
tonnoreturd renge studicd.

This rnight indicets cithor thet the wholo He curve
is shiftod to thac loft, with perheps ¢ high.r poek veluo
of H, £t lovier tcnporeturces then thosc invostigetod, es
the result ctf higher rcducitility of the fincr powdors, or
thet thc coorcive force is nercly dcprasscd at tho higher
tcnpereturos baceusc of £ gracter tcndoncy of the finc pow-
dors to sintor.

Thc cocrcive forco velucs of compects of thesc powdors
(Fig. 17) chow = lincear dccrceeso with incrcesing tempereturc,
es bzfore, but the liacs for ell powdcers heve substentielly
thc sero slcpe.

Fron Fig. 17b, it mey ULc noticzd thet thc Bs velucs in-
croesc sonovhet with incrorsing fincness of the fornetc.
This trcond would be 2oxpectcd whether the cffoct of fincnoss
wers to increoeso rcduction or sintering ret:. The By velucs
elsc show e corrcsponding incroeso which is vary slight
(cxcludine thosc whero there woers cracks in the specimons).

Tffoct of Snell Additions of ['egacsiun Fornetos

A conperison of the megn.otlic bohavior of ircn powdcers
from Lot II fornete £nd Lot A end Lot C foraetcs conteining
2.5% ond 0,066 Mg, rospectively, 1s shown in the cocrceiveo
force va, tcempereturc of roduction curvos of Fig., 18 (for na
cornstrnt hydrogen flow cf 1.5 cu. ft./hr./gn. end constent

rcoduction tine of 60 ninutgg) Froa the trond of the curves,
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it may bo sccn thet eddition of magnesium (prosunedbly

prcsont es Mg0) tonds te inerces: tha He mex. velue whon
such addition is not epprociedblo. Thus, the H, ney. veluc
with 0.066% lg is the highcst obteincd, ebout 650 oorstods,
ncerly 25% grceetor then thet for the streight Lot II.

Although the 2dnrtr erc insufficicnt for e closc comperi-
son, thcro socoms to be no doubt thet when the megnesiun
addition to the fcecrmetc is smrll cnough to nact dceromssc the
rcéducidbility epprcociebly, e substentiel incroesc in cocr-
civo forco velucs ney bC cxpected, probably beeceusc the g0
forncd during the roduction is finoly dispcrscd in the iron
powdor, providing diffusion berriors botwocn tho iron perti-
clcs end thus prevonting eppreciedblo sintcring of thesc fino
powdcrs. Figuros 19a and 19b show thc Hg, end Bg end Bp
veluos, rcspectivoly, for compects fron Lot II (0% Mg) end
Lot C (0,066% ng). (Crecks in spocimons did nct pernit
Bg end B, velucs to bo crlculetod for Lots B end A). Tho
prcscence of nagnesiun in the formeto tends to producc con-
pects with highor cocreivo forco from low tomporeturc rc-
duccd powdcr, tut ot the highor temperrtures of rouduction,
no clecer diffcrcncs is obsorved in the cocrcivo forco.

In contrest to thc cocrcivce forcc bohevior, howover,
thc Bg velucs do not differ merkodly et low tcopereturo, but
thc Bg for tho compacts containing negnesiun docs not incroeso
lincerly with incroersing tcrmpereturc but tends to incroaeso

noro slowly ¢t the higher tomporeturos then thet for the

-
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burc iron pcwdor. The Bp velucs for the Lot C ere, however,
slightly incruses:d ov.r thosc for Lot II. This.incrcesc
thouzh of the crdar of 20% ney not bz reelly significent end
ney arisc from senpling.

-It eposers, in goncrel, thet judicious edditions of
Mg to thc formetc cen cruss nrrked improvenent in the He
without being dotrimentel to ths Bg and Br to eny considor-
eble cxtent, |

A study of thous: dete indicrtcs o rathor sherp pcek in
the He noex, for siell erounts of addcd negnesiun and indi-
.cetes th: e#dviserility of e mor: thorough survcy of tho
offocts of mrgnosium edditions in tho renge from zoro to
eppréximetc;y 1/2 per cont. If, es e first epproximetion,

B X H ppy., 18 essumd te be 1/3 (Br x He), the mexinun
cnergy product obteincd for the formete rcduccd compeacts
is thet of .675 x 106 obteincd for tho powdcr raduccd frdm
ths formetc conteining 0.066% Mg es megnesiun formeta.

Fron the tronds of the dete obteinod to dete, it
appcers edviseblc to investiget:s the cffoet of lewor re-
duction tempereturcs and longer roduction times on tho
streifht end the nmixcd formet: powders. Once techniquo
which night pormit cxtroncly low reduction tempereturc would
be to trensfora the forneto to FecO by short time, high ten-
pereture trzetrnent. The FoO powder should thon be roduci-

blq to iron powdcr et vory low tonpereturcs,
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C - Sumneary of Rosults on Rocduced Formete end Cxidce Powders

Tho rcesults of tho invostigetions to deato mey bo sun-
neriznd en follcews:

(1) Tho thornarl r:duction proccss by itsclf eppeers
to bz incepedblo of produci.ge powders with e high dcgree
of shepc =snisctropy.

(2) 1Increerscd r2duction tincs parmit rcducticn et
lowsr tenaporeturces with ¢ raletive incroecsc of rceduction
reto comprrcd to sintering rete, thus providing the possi-
vility of producing powidcrs with higher coorcive forcce.

(3) The rusults cgroes with thoss of Lihl (15) on the
docreesc of tonperrturc cf rceduction for mexinum cocrcive
force with incrcesced rcocduction tinmes,

(4) Porrous fornetc powdors roducoc et e lowor tonpor-
eture then connorciel rouge, probedbly becepusc of the leck
of i1puritiss end boceusc th: fornmete eppoers to dccomposc
dirocctly to the forrous oxide e:rriy- in the reduction,
whilc tho rouge is in the forric stetoc. As the rcesult of
the considorctions ncntioned in (2}, thereforc, the formete
powdors ney bo guncrelly cepeble of producing higher cocr-
cive force iron powdors then tho comnmorciel rougc.

(5) !g0 in propcr enounts ney provide e further in-
creese in the coorcive force through interfering with
sintcering during roduction.

{6) Incrcescd fincncss of sclts ney oornit obteining
incrcescd coorcive forcc through en incrces: in reduction

retas rnd conscquunt possibility of rcduction et lower ten-
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P .returcs. It ncy, howevor, rlso ¢tond to doercersc the
ccercive forec throush incroesing the sintering rrtc,

(7) Tha rete of verietion of the cocrcive fore: with
comprcting pressurc is epprecienly influcsncod by the pewder
cherestoristics; for oxemplo, the ermount of oxides or other
iapruritl:s presont.

(&) Fron thc point of vicw of cocercive forecc, the
mexinun sintcering offect when prossod bers erc rchoeted
(.;ultidenein fornmetion), erpeers to tfka plece over e
nerrov reane of tenoceretures, whilc tho seturetion induc-
tion end romenonce veluecs toand to stert e greduel increesc
soncwhnrt btefere the shrrp drop in cocrcivo forco., This
indicet:s thet by ceraful control of the sintcring toch-
rnigqucs, highir B x Hapye, velucs ney be obteinebdle,

(9) 1Incrcoscd sintering tines tend to deccraesc the
tenparsturs et which the cocrcive feorcc drops sherply. 1In
thcs> xnorinsats, this chrngoe wes snrll, porhaps beceuso
cf th. impuritics In the powdcer.

(10) '/hilc the highest B x Hppx, obteincd in these

investipgrtions wes epproxinetoly 0.7 x 106

for the meg-
nssium conteining fornetce rcoduccd powdars rnd wes epproxi-
nrtely 0,5 x 106 for thc rougc rcduced powdsors, theso

vrlucs should b: cepeble of improvoment. In tho cesc of the
cxide powders et loest the low B x Hmax, product is probe-

»ly due in pert to e low raasncenca, £8 e rosult of impuri-

L
Voo n e y
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tioa presont. The veluc ney th:rafore be inproved by

nranc:tic seprrertion of non-forronegnetic impuritics eftcr
the roduction. In eddition, cer-ful verietioneg of roduc-
ticn, prussing end sintcring tachniquus end elignnent of
percicles in niegn.otic ficlds ary woll b. cepablc of pro-
ducing powdcrs of sufficicnt quelity to find #pplicetion

in ¢he percrnont ofrgnet ficld,

"\.~.—~
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TASLE 1
ti:telliic Iron Contcnt of Powdors Roduced From '
Rcuge For Verious Timos et Temncreturcs Yiclding
Lergo Cocrcive Force Velucs
Rcduction Raduction Cocreive Mctellic
Tonpcreturc Tinc in ¥orce in Iron
in °F itinutcs Ocrsteds Contcat & |
750 100 520 51
800 100 500 57
700 200 560 50
750 200 640 56
800 200 530 59
600 900 580 56
700 el 580 60
200 900 504 65
{

.
Mg ataaia,
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TABLE II

ile~netic Troperties of Sintered Iron

Compacts - Compects Tressed et LO t.s.i.

Fron Powders Reduced from Rouge at 700°F

For 200 itiinuces end Sintered 2 Hours
In Hydrcgen
Intrinsic
Induction
Sintering Coercive (et K = 4000
Temperature Force- QOersteds) - Remenence

OF Qerstads Gauss Geuss
-——- 530 3750 1720
4,50 520 3820 1790
700 504 4110 1945
1000 4,80 4352 2111
1200 390 5590 2185
1400 200 4,846 1400
1600 72 5743 3283
1700 32 5500 .-

‘|
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TABLE III

Magnetic Properties snd Density cof Siatered Iron
Compacts - Conpacts Pressed st LO t.s.i. From Powders
Reduced fron Rouge et 700°F for 200 liinutes and
Sintered 4 Hours in Hydrogen

Intrinsic
Tnduction
Sintering Coercive (et H = 4000 Remen- Density
. Tenpereture Force- Jersteds) - ence  Gns,/
OF Qerstads Gauss Gauss CileCle
-— 514 4315 2C00 3.04
' 800 478 4710 2405 3.19
!
I 1000 430 5220 2676 3.0
* 1200 204, £352 2680  3.38
| 1400 50 7338 2290 3.75
: 1600 5 7730 3680 4.8

S
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Fig 2. Electron Micrograph of Rouge Reduced
lron Powder (Reduction Temp. 900°F; Reduction
Time 200 Minutes). Arrows Show Formation of
Rings of Magnetic Closure.

Fig 3. Electron Micrograph of Rouge Reduced Iron
Powder (Reduction Temp. 750°F; Reduction Time
1I00 Minutes) Showing Dispersion of Particles
Obtainable by Proper Use of a Magnetic Field.

Fig 4. Electron Micrograph of Rouge Reduced
lron Powder (Reduction Temp. 7S50°F; Reduction

Time 100 Minutes) Showing Alignment of
Particles in o Mognetic Field.
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®—@ X-ray Diffrasction
= O—0© Ny Adsarption
S —
600 700 800 900

Reduction Temperature - °p,

Fige. 5« Mean Crystallite or Particle Size of Powders Reduced

fram Ferric 0xicde (Rouge), by X-ray Diffraction end Np
Adsorption Methods.
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600

700 800 900
Reduction Temperature - °OF,

Pige 6o Pore Volume per gm, of Powders Reduced from Ferrio

0xide (Rouge), by Nitrogen Desorption.
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Coercive Force-0Oersteds

&—4A 100 Minutes
O—O0O 200 Minutes
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0—8 900 Minutes
800
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200
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500 600 800 300 1200 1100 1200
Reduction Temperature °F.
Fise 7e Variation of Qocrcive Force with Tomperaturo of

Reduction of Iron Powvders Prepared from Rouge for

various Reduction Times,
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Powders Propared from Perric 0Oxide
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Bs and Br in 10° Gsuss

O—0 600°F = 200 Winutes
&—4& B800°F - 200 Minutes
. @@ 500°F - 100 Minutes
o—a 750°F - 100 Minutes
o
”
yd M
By // '
2 = _
B, /4
-
0 20 40 60 £0 100 120

Concebting Pressure - te.s.l.

Fig. 2. TInflverce of Commecting Prossure on the
Intrinslc Induction at II = 4000 Oersteds (Bg)
and Remanence (Br) of Compascta Preonared from
Iron Powders Reduced from Ferrie Oxide (Rouge
Reduced at Temperatures and for Times Indicatod).
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2 DN o
0—0 800°F -
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o—o 750°F -
1 100 Min.
5 | !
0 20 40 30 80 100

Compacting Pressure - t.s.1,

Fige. 10, 1Influence of Compacting Pressure on the Density of
Cormpaots from Iron Powders Reduced from Ferrie Oxide (Rouge

Reduced at Temperatures and Times Indicated),

v
WV o—0 Op -
C+ES | \$ %0 Min,
®*—o 750"P -
o 100 Min,
0060 [ S B
0.55 -
D~
D50
0 20 40 fele) 80 100

Compacting Pressure - t.s.i.

Fig. 11, l-d/'dg Versus Compacting Pressure for Compacts from
educed from Ferric Oxide (Rouge KReduced at

Iron Powders

Temperatures and for Times Indicated),
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Cocorcive Foico - Oersteds
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700 |9 Bo 4 hours
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(o] 400 800 1260 1600 2000
Sintering Tempersture - °P
Figes 13, Influence of Sintering Tempserature end

Sintering Time on the Magnetic Properties of
Compacts Pressed at 40 t.s.i. rom lron Powders
Reduced from Ferric Oxide (Rouge Reduced at
700°P for 20C Minutes).

Intrinsic Induction (at H 3 4000) and Remanenge-Gauss
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Pig. 14, Coercive Foroe Versus Reduction
Temperature or Iron Powders Prepared from
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Reduction Times Indioated.
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Plg. 15-a, Coseroive FPorce of Iron Powder

ompacts Pressed at 60 t.s.i.,, froam Powlers
Reducoed from Perrous Pormates (Lots I and II)
at Various Temperatures for 60 ¥inutes,
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; Pig. 15-b, Intrinsic Induction at B = 4000 (B;)
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‘ g Pressed at 60 t.s.,1., from Powders PReduced
from Perrous Formates (lots I and II) at
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Pige. 16, Coeroive Force Versus Terperature
of Reduction of Iron Powders Obtained
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O Lot II - 60 Minutes
& Lot II-Oround -~ 60 Min,
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Redugtion Temperature - °p,

Pig. 17-a, Coercive Foroe of Iroa Powder Compacts
Preossed at 60 t.s.is, from Powders Reduced at
Different Temperatures for 60 Minutes, from Lot IX
Perrous Pormates of Various Sises.
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Pig. 17-b, I:lrinsie Induction at H 8 4000 (B,) and
Remanense (Bp) of Iron Powder Compacts Pressed at
60 tesede, frcm Powders Reduced frca Lot II Ferrous
Formates of Various Sizes at Temperatures and for
Times Indicated.
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Pig. 18, Influence of Magnesium Content
on tho Coercive Porce of Iron Powders
Obtained by Reduction of Mixtures of
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Various Temperetures for 60 Minutes,
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Fige 19=2, Influsnce of Magnesium Content on
the Coercive l'orce of Iron Powder Cormects
Pressed ot 60 tes.ls, from Powders Reduced from
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Fige 19-bes Influence of lMagnesium Content on
the Intrinsic Inductlon at H ® 4000 (Bg) and
Remanence (Bx) of Iron Powder Compagts Presaed
at 60 b.s.i.( from Powders Reduced {rom the
Formates at Varilous Temperatures for €0 iin,
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